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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Outstanding questions about neutrinos
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Identity

Mass scale

Mass ordering

Mixing

Species

Dirac or Majorana fermion?

What is the neutrino mass value?

Normal or inverted?

Is CP symmetry violated in the neutrino sector?

Are there light sterile neutrinos?



Are neutrinos massive? Maybe….
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Double beta decay
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•Rare (Z,A)→(Z+2,A) nuclear transition, with emission of two electrons 

•Two basic decay modes

Two neutrino mode 
•Observed in several nuclei 
•1019-1021 yr half-lives 
•Standard Model allowed

Neutrinoless mode 
•Not observed yet in Nature 
•>1025 yr half-lives 
•Would signal Beyond-SM physics



Neutrinoless double beta decay 
and the neutrino questions
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Lepton number violating process 
implying massive Majorana neutrinos

Identity

Mass scale

Mass ordering

Mixing

Species

dL uL

W

W

e−L

e−L

dL uL

ν

Majorana ν mass:  
mββ ≡ ｜∑i mi Uei2｜

(Rate)ββ0ν ∝ mββ2

eState with

mass mi

μ
τ

|Uei|2

 (eV)lightm

-410 -310 -210 -110 1

 (e
V)

``
m

-310

-210

-110

1

Inverted ordering

Normal ordering

ν1
ν2

ν3

ν1
ν2

ν3

Measure mββ  ⇔ 
constrain mlight

e- e-



�7

4

co
un

ts
 /2

0k
eV

-210

-110

1

10

210

310 MS

energy (keV)
1000 1500 2000 2500 3000 3500

co
un

ts
 /2

0k
eV

-210

-110

1

10

210

310 SS

FIG. 4: MS (top) and SS (bottom) energy spectra. The
best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows (none in the SS spectrum).

co
un

ts
 /2

0k
eV

0

5

10

15

20

25

30

35
MS

energy (keV)
2000 2200 2400 2600 2800 3000 3200

co
un

ts
 /2

0k
eV

0

2

4

6

8

SS

FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-like spectra are parameters
in the fit and are constrained by the results of the source
calibrations. The fraction of events that are classified
as SS for each of the γ-like PDFs is constrained within
±8.5% of the value predicted by MC. This uncertainty
is set by the largest such deviation measured with the
source calibration spectra. The SS fractions for β- and
ββ-like events are also constrained in the fit to within
±8.5% of the MC predicted value. As a cross-check, the
constraint on the 2νββ SS fraction is released in a sep-
arate fit of the low background data. The SS fraction is
found to agree within 5.8% of the value predicted by the
MC simulation.
The ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports a scale factor of 0.995 ± 0.004. The uncertainty is
inflated to ± 0.006 as a result of an independent study of
the possible energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-
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FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.

Majorana landscape in 2014

•Claim for ββ0ν strongly disfavored 
by null results in 136Xe and 76Ge 

•mββ < 200 meV
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Majorana landscape revisited
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•Discovery window: 20 mev-150 mev 
•current experiment sensitivity outside 
window. 
•A more sensitive “100 kg scale” 
experiment could have a chance of 
making a discovery 
•Design “ton-scale” to “close the 
window” (=discovery if neutrino is a 
Majorana particle).
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Phys. Rev. Lett. 112, 051303 (2014) 
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Discovery potential of xenon-based 

neutrinoless double beta decay experiments 
in light of small angular scale CMB 

observations 

Evidence for Massive Neutrinos from 
Cosmic Microwave Background and 

Lensing Observations



a next
Neutrino Experiment with a Xenon TPC

(a trademark brand, not to be confused with nEXO)



Why NEXT? — Advantages of HPXe technology

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Xenon is the cheapest and easiest to 
enrich of all ββ isotopes. No long lived 
radioactive isotopes. There is already 
1 ton of enriched xenon in the World. 

Cost

Scalability 

Xenon is a noble gas suitable to 
build a TPC. No dead areas, S/N 
improves with L

∆E

HPXe TPC is the only 
xenon detector that 
provides good energy 
resolution
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Background

HPXe TPC is the only 
xenon detector that 
provides topological 
signal



Scalability

!

1kg 10 kg 100 kg

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meVMajorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV

Economy of scale: Double L, 
signal increases 8 (L3), 
background increases 4 (L2), S/N 
improves by a factor 2 



Energy resolution  
(Fano factor in gas and EL amplification)

Energy (keV)
2300 2350 2400 2450 2500 2550 2600

Ev
en

ts
 / 

5 
ke

V

0

20

40

60

80

100

Energy (keV)
2300 2350 2400 2450 2500 2550 2600

Ev
en

ts
 / 

5 
ke

V

0

20

40

60

80

100

Energy (keV)
2300 2350 2400 2450 2500 2550 2600

Ev
en

ts
 / 

5 
ke

V

0

20

40

60

80

100

Energy (keV)
2300 2350 2400 2450 2500 2550 2600

Ev
en

ts
 / 

5 
ke

V

0

20

40

60

80

100

Signal and background: 
•Signal: mν ~200 meV and an exposure of 5 ton year. 
•Background 1 count/keV/ton/year. 
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Topological background reduction

•In xenon gas at 15 bar, a ββ event is a twisted track, 10 cm long, with two 
energy blobs at the two ends and no additional floating clusters. 
•Instead the backgrounds are single electrons, accompanied 85% of the 
time by X-rays (Xenon de-excitation).   

NEXT CONCEPTUAL IDEA, tracking  

reconstructed**tracks**from**
a*MC*simulated*ββ0ν*event**

The' signature' of' the'
electron' is' a' twisted' track'
with' a' strong' energy'
deposi9on'at'its'end'

Tracking'Plane'
of'NEXT>DEMO,'
with'256'SiPMs'
for'tracking'
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Figure 36. A Monte Carlo electron simulated in the NEXT-DEMO detector.

Notice that in the time (or z) coordinate: a) each slice represents an ordered time frame in
the track trajectory; and b) the resolution of the sampling itself is much better than the smearing
imposed by diffusion (in NEXT-DEMO we use a sampling of 1 µs, corresponding to a resolution
of 1 mm). This, in turn, implies that: a) the electron “blob” can be found by simply walking
through the time slices, finding the one with higher energy and adding neighbor slices as dictated
by diffusion and b) x-rays are well separated from the electron in the z coordinate and can be very
often tagged directly by identifying a smaller S2 of the appropriate energy separated from the main
S2 signal. Notice that all this is done using the cathode, and therefore one benefits of the good
resolution of the energy plane.

Figure ?? shows the number of time-slices (refer hereafter simply as “slices”) in the S2 signal
as a function of the energy of S2. Notice that for energies below 600 pes (100 keV) the number of
slices is roughly constant with an average value of about 10. Since each slice has a width of 1µs, we
conclude that below some 100 keV, we are observing point–like objects whose width is of the order
of 10 µs. This width comes about by the combination of two factors. The longitudinal diffusion,
which is of the order of 3 µs rms for blobs produced near the port where most of the signal is
concentrated (thus the energy of point–like blob will be spread in about 9 µs, corresponding to a

– 36 –



The NEXT experiment



•It is a High Pressure Xenon 
(HPXe) TPC operating in EL 
mode.   
•It is filled with 100 kg of Xenon 
enriched at 90% in Xe-136 (in 
stock) at a pressure of 15 bar. 
•The event energy is integrated 
by a plane of radipoure PMTs 
located behind a transparent 
cathode (energy plane), which 
also provide t0. 
•The event topology is 
reconstructed by a plane of 
radiopure silicon pixels (MPPCs) 
(tracking plane). 

What is a next
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TPB coated surfaces
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EL mode is essential to get lineal 
gain, therefore avoiding avalanche 
fluctuations and fully exploiting the 
excellent Fano factor in gas



Canfranc Underground Laboratory (LSC)

Gloria Luzón, UZ and LSC IDM, Rhodes, Sept 2006

El Laboratorio Subterráneo de 
Canfranc (LSC)

LSC characterization: The Laboratory

1980 m

2500 mwe

LSC

Old
LSC

Road Tunnel

Railway Tunnel

Gloria Luzón, UZ and LSC IDM, Rhodes, Sept 2006

Gamma spectrum

LSC characterization: gamma background
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LSC characterization: Radon

Radon measurement and control
¾ 1st and 2nd set of measurements: Jan – Jun2006

¾ 3rd set of measurements: June 2006 till now

Hall AHall A 66.2 66.2 ±± 0.40.4
Hall BHall B 71.6 71.6 ±± 0.40.4
AirAir entranceentrance 72.0 72.0 ±± 1.91.9

Radon 
concentration 

in Bq/m3

¾Under analysis

¾Similar results

18 runs of 6-7 days each in halls A & B



NEXT at LSC

Infrastructures: platform, lead castle, gas 
system, emergency recovery system, 
completed or being installed at the LSC 
main hall in 2014. In stock, 100 kg of 
enriched xenon and 100 kg of depleted 
xenon.

AMADE University of Girona!DRAFT NEXT-100!
!

(2)!

1-Infrastructures at Canfranc Laboratory.!



1 kg

(2008-2013)

NEXT technology 



DEMO main components (HPXe technology)

Pressure Vessel

Figure 4. The different parts of NEXT-DEMO.

the UVC configuration is well understood is to simply coat the LT with TPB and study the effect of
this action in the detector. This corresponds to the configuration that we call “Blue configuration”
(BC).

The relative merits of a PMT– and a SiPM–based TP are more difficult to quantify. A tracking
plane made of PMTs can be visualized as a “continuous tracking plane” (CTP), in which, a priori,
all the PMTs can contribute to the determination of the (x,y) coordinates for a given time-slice
defining the z coordinate. A tracking plane made of SiPMs operates rather as a “pixel tracking
plane” (PTP) in which only a few pixels contribute to the reconstruction of (x,y) for a given time-
slice. A PMT–based CTP has the advantage of a very low energy threshold, due to the high gain
and low dark current of PMTs, while a SiPM–based PTP offers better two–track separation and a
sharper definition of the fiducial volume. The optical aberrations due to the finite distance between
the EL amplification grid and the tracking plane, as well as the effect of diffusion and dispersion
are also different for a CTP and a PTP. We thus concluded that it was necessary to study with detail
both options. The configuration with a coated LT and a PTP is called “Ultramarine configuration”
(UC).

In the rest of this paper we discuss the UVC. The BC and the UC will be presented in forth-
coming papers.

2.2 Gas System

The role of the gas system (Figure 5) is to remove the gas impurities, in particular trace gases such
as argon, N2 and CH4, as well as water vapor. This is achieved by continuously re-circulating the
xenon gas through molecular traps called Getters. NEXT-DEMO is equipped with both “cold” and
“hot” SAES Getters (MC500). All the gas piping, save for the inlet gas hoses and Getter fittings,
are 1/2 inch diameter with VCR fittings. The re-circulation loop was powered, during the UVC,
by a KNF diaphragm pump with a nominal flow of 100 standard liters per minute. At a 10 bar
operating pressure of NEXT-DEMO this translates to an approximate flow of 10 liters per minute.

– 6 –

Field cage & light tube

10-20 bar operation.

Light tube made of Teflon coated with TPB to 
shift UV light to blue. Drift field of 350 kV/cm. 
EL field of 15 kV for  ~103 photons/e. TPB 
operation stable in DEMO



DEMO main components (HPXe technology)

Energy plane
Tracking plane

19 PMTs (30 % coverage) 1’’ 
diameter, pressure resistant but not 
radiopure

4 x 64 SiPms, Cuflon boards coated with 
TPB. Pitch at 1 cm. Moderately radio pure, 
except for capacitors and connector.



NEXT-DEMO

HHV modules

DAQ

Hot Getter Gas System

PMTs FEE SiPMs FEE



NEXT R&D: detector performance achievements

•1.8% FWHM energy resolution for 
511 keV electrons over large fiducial 
volume  
!

•Extrapolates to 0.75% FWHM at 
Qββ energy of 136Xe decay 

•The DBDM prototype at LBNL 
extrapolates to 0.5 % FWHM at Qββ 
using 660 Cs-137 electrons

511 keV gammas in NEXT-DEMO 
[NEXT Coll., JINST 8 (2013) P09011]

X-ray escape

Compton

X-ray

Photoelectric

light output similar to the 662 keV full energy events, a point spread function
of about 6 mm radius is measured. Therefore cutting harder on the radial
position of events does not reduce render an improved fiducialization of te
events.

Fig. 3 shows a high statistics spectrum with a full energy peak, a Comp-
ton continuum and edge, a backscattering peak and a xenon x-rays peak and
escape peak.

Total Calibrated S2 Charge (keV)
0 100 200 300 400 500 600 700 800

)
-1

C
o

u
n

ts
 (

ke
V

0

50

100

150

200

250

300

Figure 3: Measured energy spectrum for 662 keV gammas: This spectrum was
taken at a 15.5 atm pressure with E/P of 1.95 kV/(cm atm) in teh EL region and 775
V/cm in the drift region.

In addition, we have obtained 4.7% FWHM for 59.4 keV gamma rays
from 241Am at 10 Atm (see Fig. 5 and 6).

The hot getter was added to the system to better control the TPC per-
formance by eliminating the residual N2 from the gas which a↵ects the drift
velocity and could potentially also have an electron attachment e↵ect. How-
ever, the removal of N2 had the unintended consequence of reducing the light
yield in the chamber (the number of SPEs detected per ionization electron).
A light yield reduction of about 60% was observed for similar TPC fields and
pressure. The light yield reduction has been compensated by a subtantial
increase in the maximum E/P we were able to achieve by gradual chamber

3

DBDM



Topology of the signal in a next

•Higher energy deposition clearly visible at 
electron track end-point. 
•Tracks reconstructed using SiPMs + PMTs

Figure 13. Examples of 22Na (top left), 137Cs (top right) and muon (bottom) track xy plane projections.
Tracks reconstructed from NEXT-DEMO data.

a large fiducial volume. The most important factors affecting the energy resolution of the NEXT-
DEMO detector are geometrical inhomogeneities in response and any time variation of the detector
gain, both in terms of EL yield and sensor calibration [6].

6.1 Charge time dependence

As described in section 4 the calibration constants of the photodetectors were constantly monitored
over the course of data taking so that any variation could be taken into account. Additionally, the
temperature and pressure in the TPC have been monitored allowing for the study of the correlation
between these physical factors and the detector response. A correlation between the measured
pressure and charge is observed in the data as can be seen in figure 14-left panel. The temperature
of the vessel has a significantly smaller effect on the PMT charge. Both temperature and pressure
oscillate at the level of ⇠0.2% every 10 minutes due to the cycle of the hot getter which purifies
the gas and by up to 3% due to air conditioning and activity in the laboratory over a timescale of
24 hours. Other possible sources of time dependent variation are the occurrence of sparks in the
TPC and variation of the gas purity. The increased light yield due to the TPB-coated tracking plane
(see section 3) enabled the use of lower EL fields compared to previous analyses, and improved gas

– 14 –
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Lifetime in DEMO

•Electron lifetime (mean life) in excess 
of 10 ms. 
•NEXT-100 drift 1 ms

Figure 14. Relation of observed cathode charge with ambient conditions: Vessel pressure (left) and vessel
temperature (right).
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Figure 15. Energy dependence with drift time due to electron attachment in the gas (left) and the energy
spectrum after correction (right).

isolation and recirculation reduced the probability of sparking and of electron attachment due to
impurities. By monitoring these variables, the data can be gain corrected to improve consistency
and, in the case of any major changes in conditions, affected data could be removed from analysis.

6.2 Geometrical correction

The geometrical dependence of the observed event charge has a number of physical origins. Among
these are: losses along the drift due to electron attachment; losses at the edge of the fiducial
region due to inhomogeneities in the electric field; losses due to absorption of light in the meshes
and imperfect reflection and rotational symmetry of the light tube. The first effects demand the
continuous recirculation and filtering of the gas to minimize attatchment while the latter require the
correction of the observed charge.

The dependence of the observed energy on deposit position can be described by a geometric
factor parametrized as:

h(x,y,z) = Z(z0) ·F(x,y) (6.1)

– 15 –
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NEW (NEXT-WHITE) at glance
Pressure vessel:


316-Ti steel, 30 bar max pressure

Inner shield:

copper, 6 cm thick

Time Projection Chamber:

10 kg active region, 50 cm drift length

Energy plane:

12 PMTs,  

30% coverage

Tracking plane:

1,800 SiPMs,  

1 cm pitch



From DEMO to NEW
Pressure vessel

Field cage

CATHODE

ANODE
GATE

DRIFT REGION (300 mm)

EL REGION (5 mm)

SHIELD
BUFFER REGION (100 mm)

50 cm drift, polyethylene 
body with inner copper 
rings, radiopure resistors, 
larger grids

Larger vessel, takes higher 
pressure (up to 30 bar), 10 
kg at 15 bar. 



Energy plane

•Radiopure 3’’ R11410 PMTs 
manufactured by Hamamatsu; 500 
μBq/unit (Bi-214), 150 μBq/unit 
(Tl-208). 
•Same type used by Xenon and LUX. 
Ample community for join development 
(improvements). 
•They need to be operated in radio 
pure enclosures (made of copper) 
coupled to the gas by sapphire 
windows coated with TPB



Tracking plane board

•4 —> 30 KDBs use Kapton rather than Cuflon. 
•Circuit includes a long piggy tail that runs through a copper 
shield. Connector and capacitors shielded from gas (12 cm 
copper



Expected activity in NEW (ββ2ν regime)

•The low energy part of the spectrum (<1.2 MeV) is dominated by K-40 and 
Co-60 backgrounds emanating from the sensors (PMTs and KDBs).   
•The high energy part of the spectrum (> 1.9 MeV) is dominated by Bi-214 
and Tl-208 backgrounds. 
• The ββ2ν signal can be measured in NEW between 1.3 and 1.9 MeV.
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Sources of Bi-214 in NEW
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The three major sources of background are the sensors and the residual 
radiation from the copper.  



Goals of NEW
•Measure the expected backgrounds from 
the different isotopes, but specially Bi-214 
and Tl-208.  
•Validate NEXT background model using 
measurement. 
•Identify any unexpected source of 
background (correct if needed) 
•Observe ββ2ν signal.  
•Demonstrate energy resolution: our goal is 
to reach 0.5 % FWHM in the large detector. 
•Demonstrate topological signature from 
data (ββ2ν and Tl-208 double escape peak). 
•Certify technology and underground 
operation with enriched xenon. 
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The ββ0ν landscape

•The ββ0ν landscape in Xe-136 is much less populated by 
backgrounds than the ββ2ν landscape.    
•The situation would have been much better if Qββ would have been 
at 2.5 MeV.  
• On the other hand, energy resolution helps to separate signal from 
Bi-214 peak. 
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NEXT 100 kg detector at LSC: main features
Pressure vessel:


stainless steel,15 bar max pressure

Inner shield:

copper, 12 cm thick

Time Projection Chamber:

100 kg active region, 130 cm drift length

Outer shield:

lead, 20 cm thick

Energy plane:

60 PMTs,  

30% coverage
Tracking plane:

7,000 SiPMs,  

1 cm pitch





NEXT 100 kg radioactive budget

Sensors:

Activity level ~3 mBq per plane. Actual measurements. Not 

shielded.

Kapton Dice boards!
• Kapton and copper;107 units 
• Activity Tl-208: —0.040 mBq/unit 
• Activity Bi-214: —0.030 mBq/unit

PMTs!
• Hamamatsu R11410-10; 60 units 
• Activity Tl-208: —0.140 mBq/unit 
• Activity Bi-214: —0.500 mBq/unit



NEXT 100 kg radioactive budget

Activity shielded by ICS

Vessel!
• Stainless steel 316Ti; 1121 kg 
• Activity Tl-208: <0.150 mBq/kg 
• Activity Bi-214: <0.460 mBq/kg

Shielding!
• Lead; 13000 kg 
• Activity Tl-208: <0.048 mBq/kg 
• Activity Bi-214: <0.460 mBq/kg

Lead Castell and Pressure Vessel:

Activity shielded by ICS. Uncertainty related to 
upper limits has moderate impact in radioactive 

budget due to ICS suppression.



NEXT 100 kg radioactive budget

Residual 
radioactivity of ICS 
partially shielded 
(self-shielding)

ICS, and support plates!
• Copper (CuA1); ~9500 kg 
• Activity Tl-208: <0.001 mBq/kg 
• Activity Bi-214: <0.012 mBq/kg

Copper

Electroformed commercial copper. 
Current measurements show our 

stock to be very radio pure, but only 
limits so far. 



NEXT100 rejection of backgrounds

A transparent target, away from surfaces 
• Veto of effectively all charged backgrounds entering the detector 
(left). High-energy gammas have a long interaction length (>3 m) in 

HPXe.



NEXT100 rejection of backgrounds

The 2-electron signature 
• Interaction of high-energy gammas (from Tl-208 and Bi-214) in the 
HPXe can generate electron tracks with energies around the Q value 
of Xe-136. However, electron often accompanied of satellite clusters 

and single blob deposit



NEXT100 rejection of backgrounds

The 2-electron analysis 
•Effect of the filters (cuts) defining an event with 2 electrons and energy in a ROI of 
2σ around Qββ. Efficiency for signal ~35% for suppression factors 4-8 x 10-7 
•WILL BE VALIDATED by NEW

0νββ Tl-208 Bi-214

Fiducial  
E>2 MeV 67.86% 0.25% 0.01%

ROI 95.52% 8.99% 64.66%

1 track 74.60% 1.86% 12.54%

2 blobs 73.76% 9.60% 9.89%



NEXT 100 expected background

Activity (Bq) Rejection Factors Final rate (ckky) 

Tl-208 Bi-214 Tl-208 Bi-214 Tl-208 Bi-214

Dice Boards 4,28E-03 3,21E-03 7,90E-07 8,85E-07 3,047E-05 2,560E-05

PMTs 8,40E-03 3,00E-02 3,30E-07 2,68E-07 2,498E-05 7,244E-05

Field Cage 4,38E-03 1,53E-02 5,30E-07 8,02E-07 2,091E-05 1,107E-04

ICS 1,326E-02 1,105E-01 1,100E-07 8,400E-08 1,315E-05 8,365E-05

Vessel 1,66E-01 5,16E-01 1,10E-08 2,80E-09 1,644E-05 1,301E-05

Shielding Lead 6,266E-01 1,084E+00 2,000E-09 1,000E-10 1,129E-05 9,763E-07

SUBTOTAL 8,23E-01 1,76E+00 1,172E-04 3,063E-04

TOTAL BKGND 2,58E+00 4,24E-04



•Activity: 70 Bq/m3 in LSC air. 
•Volume of air inside lead castle: 6 m3.  
•Background rate of Bi-214 coming from Rn-222: 2 x 10-2 ckky.  
•Standard Radon suppression systems achieve 3 orders of magnitude of suppression. 
Thus: 2 x 10-5 ckky. For NEXT-100 operation 2 orders of magnitude would be enough.   

ATEKO  a.s.  Hradec  Králové  93979/310/2012 - R1 
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Layout of radon reduction system 
 
 
 
Individual items of equipment are following:  
 
2.1 Screw-oil type compressor, water-cooled (water amount 1,4 m3/hr,  inlet  +10  ºC, outlet 

+40  ºC), with long service life and high reliability, pack design 
� Volume of air drawn in: 337 m3/hr, delivery overpressure of  10 bar 
� 45 kW engine, 400V/3/50 Hz 
� Star - delta start-up 
� The unit is equipped with an water after-cooler for compressed air  
� The compressor in a steel casing fitted with sound insulation, external dimensions 

of 1080 x 1750 x 1600 mm, 1050 kg weight 
� Noise level      69 dB (A) acc. to EN ISO 2551 
� Total energy consumption   45 kW 
� Cooling - water quantity    1,4 m3/hr (+10  ºC  inlet,  +40  ºC   

outlet) 
 
The compressor is controlled by a microprocessor control system (control of the 
compressor’s   regulation   system,   working   pressure   adjustment,   monitoring   of   air  
pressure, oil temperature, total engine operating hours and operating hours on load and 
number of engine operating hours left until filter change). 

 
2.2 Air receiver is designed and calculated according to EN 13445, fully equipped in 

standard design (pressure gauge, valves safety valve), with automatic condensate trap.  
Condensate separation unit (water, oil) for condensate released from the compressor, 
receiver and oil filters, automatic trap. Air receiver is made from carbon steel, outer 
surface painted. 

 
2.3 Adsorption drying unit for pressure dew-point -70°C.  Double oil filters for compressed 

air, max. residual oil content 0.01 mg/m3, with automatic trap. Indication of the dew-
point temperature achieved out to the control unit. Adsorber for oil vapor removing. 

 

U238-Rn222 Chain Radon
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Physics reach
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Physics reach
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•Reach mν < 100 meV.  
•Very likely this will be unexplored ground in 2020. 
•Thus, NEXT has a chance of making a discovery or seeing a hint. 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –
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NEXT100 program
Background model and sensitivity: 
•Uncertainties in activities of materials due to limited sensitivity translate into uncertainties in 
sensitivity. Improve radio purity measurement techniques 
•Understand all sources of background, including unexpected (e.g. radon sources, 
cosmogenics). NEW operation.

Energy resolution and topological signal: 
•Goal: achieve near-to-Fano resolution (0.5 % FWHM) in the full detector. NEW operation. 
•Fully exploit the power of the signal topology. Characterise with 2ββ and Tl double escape 
peak. NEW operation.

Challenges: 
•Grids (size, stored energy, sparks). R&D under way.  
•Reduce radioactive budget. KDB circuits without adhesive layers. ultra radio pure copper.  
•Understanding TPB (uniformity, stability, glow). DEMO, NEW operation.
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•Ton-scale detector is necessary but not 
sufficient requirement to reach ~20 meV 
!

•However, a relative background 
reduction of 1/5 appears possible (1/2.5 
comes from economy of scale). In this 
case one would be able to fully cover the 
inverse hierarchy. 
!

•First need to build and operate 
NEXT-100 to fully understand 
backgrounds
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b=5 x 10-4 ckky 
•Increasing the detector mass but not improving the background rate will not 
allow to fully explore the inverted hierarchy.
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Physics reach (b=10

-4
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b=10-4 ckky 
•Increasing the detector mass and improving the background rate by a factor of 
5 will cover the inverted hierarchy (~20 meV). At 10-4 ckky the regime is virtually 
background free. 
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Majorana Gas Instrumented with Xenon 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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•Baseline concept.   
•It is a symmetric TPC filled with O(1 ton) of 
Xenon enriched at 90% in Xe-136 at a 
pressure of 15 bar. 
•The drift length is 2 x 2 m (2 ms drift, DEMO 
measures lifetimes of > 10 ms) 
•The TPC radius is about 1 m.  
•The active volume is about 12 m3 (1 ton at 
15 bar) 
•The event energy is integrated by wavelength 
shifting light guides surrounding the gas and 
read by PMTs located outside the fiducial 
volume.  
•The event topology is reconstructed by two 
planes of radiopure silicon pixels (MPPCs by 
default). 

What is MAGIX 



•PMTs outside the fiducial area, shielded by 
copper. This eliminates one of the three 
dominating sources of background.  
•Detector inside a water tank with better 
stopping power than lead may allow to 
reduce the thickness of ICS.  
•Use of ultra radio pure copper for the ICS (< 
2-3 mBq) and/or reduction of total ICS mass 
may reduce the radioactive budget 
associated to ICS. Water is also better for 
muon shielding and neutron shielding.  
•R&D to improve KDBs (reduce/remove/
improve glue between layers).  
•Economy of scale automatically yields a 
factor ~2.5 background reduction. 

What is MAGIX 



•A HPXe TPC with a mass in the range of 
the ton, can explore the inverted hierarchy, 
reaching ~20 meV and operating as a 
virtually background-free detector.   
•However the construction of such detector 
requires a strong international collaboration, 
and substantial funding (~30 M$).   
•It also requires a sophisticated control of 
the HPXe EL technology and radio pure 
techniques.   
•In addition of having a physics case of its 
own, NEXT is the ideal springboard for 
MAGICX.

NEXT & MAGIX 
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Status of the NEXT collaboration
•R&D period: spanish groups, in particular IFIC, benefited from USA 
know-how, which was essential for the construction, deployment and 
commissioning of prototypes and for the design of NEXT-100. The 
project owns heavily to the insights of Nygren, the know-how of White, 
and the generosity of both.  
•NEXT is approved, substantially funded, (including and AdG from 
ERC) infrastructures are being deployed at LSC and first phase of the 
experiment (NEW) starts in 2015. 

•The NEXT-100 phase of the experiment (2016-2020) needs the 
contribution of strong groups adding man power, know-how and 
(modest) funding. 
•MAGIX (Ton scale) requires a much stronger and international 
collaboration. But NEXT-100 is a necessary step! 
•The USA participation has been essential for the project and we very 
much hope that this participation is reinforced for the NEXT-100 phase 
of the experiment.



To James White, friend and mentor



2008: JJGC proposes the NEXT experiment to the LSC (EOI). 

“The readout will probably be done with micro pattern device (Micromegas, LEM and 
GEM are suitable alternatives) although the use of wires is not excluded” 



2009: D. Nygren High-pressure xenon gas electroluminescent TPC for 0-n bb-decay 

“A high-pressure xenon gas TPC can provide both event topology information and 
optimized energy resolution for the detection of bb decay in 136Xe. The result of 

optimization indicates that, at the 136Xe Q-value of 2480 keV, an energy resolution of 
dE/E < 5x 10-3 FWHM may be realizable, even at the 1000 kg scale. Signal detection 

by electroluminescence appears essential to realize this performance. 
” 

necessary to place ‘‘field’’ wires in between the EL wires, in the
same plane. The field wires must be operated at a potential that
adds the needed field lines to the anode wires. The field wires
squeeze the drift field lines into small angular regions – the ELzone

– on the top and bottom of the EL wire. The use of field wires is
conventional practice in TPC designs. Because the drift field lines
are squeezed into a narrow angular range, any azimuthal non-
uniformity of the electric field is relatively smaller in the ELzone

region, and seems unlikely to contribute adversely to the energy
resolution.

The total potential difference needed between the field wires
and EL wires is less than 6 kV. Because the field wires are so close
to the source of EL, it may be important that the field wires have
the smallest possible photoemission characteristics since any
additional non-primary electrons from that surface will generate a
full EL contribution and add variance to G.

A single electron arriving at the ELzone produces light with a
steadily increasing rate. To the extent that the electron drift
velocity is constant, the light pulse displays a shape

ELðtÞ ¼ Aft=ðtmax $ t þ dtÞ (38)

EL generation extends over &1ms, rising smoothly at t ¼ 0 and
terminates abruptly when the electron reaches the wire surface at
t ¼ tmax. dt represents the boundary condition for the radius
where E0 is reached. The unusual shape of the basic single
electron EL pulse should not cause difficulties.

5. Separated-function TPC

5.1. TPC general concept

The TPC envisaged for our purposes has a standard cylindrical
TPC geometry. A readout plane is at each end and a HV plane is in
the central plane of symmetry. For concreteness, I take the TPC to
have a 100 cm active radius, and a drift length of 100 cm (total
active length is 200 cm). The general concept is sketched in Fig. 3.

The xenon active mass M at density r ¼ 0.1 g/cm3 is 630 kg.
The total high voltage (HV) for a 100 cm drift length is 50 kV. The
maximum drift time tmax for electrons is long: tmaxE1000ms. The
HV plane must have very high optical transparency, either a metal
mesh or a wire plane. The field cages are highly reflective Teflon or
some other appropriate reflective material, perhaps coated with
wavelength shifter. Thin annular conductive ribs establish the
potential grading. It is conceivable that scintillators hidden behind
the field cages could add usefully to the background rejection.
Each readout plane is covered, to the highest practical extent, with
PMTs to record the primary scintillation and EL light.

A PMT of 5 cm diameter may be a reasonable balance between
mechanical resilience against implosion, system complexity, and
cost considerations. For compressive strength, a cylindrical PMT is
natural, and a convex front face (and rear pinout) would add
mechanical strength without compromising performance. The
PMTs would be most naturally arranged in a hexagonal config-
uration. The geometrical fraction of PMT coverage is 0.764, but
some allowance must be made for support structures, perhaps an
additional 5–6%.

With these choices, each readout plane supports about 1100
PMTs. Light collecting cones will increase the effective fraction of
photocathode appreciably, and should be considered. The large
number of PMTs is an advantage for signal detection, but is a
major factor for cost and a prominent source for backgrounds
from radioactive impurities in the PMT glass and structures. PMT-
related backgrounds may be attenuated through the use of light
pipes of fused silica or other optically clear, radio-pure material of
sufficient length between the sensitive region and the PMTs. The
availability of robust PMTs that withstand a desired operating
pressure is an important topic. PMTs of 2.5 cm diameter that
tolerate 20 bars do exist.

5.2. Energy measurement with separated functions

To confront the challenges associated with the goal of energy
resolution at the level of dE/Ep4'10$3, I propose that the energy
and tracking functions occur through separated-function TPC
geometry: an event arriving at TPC readout plane ‘‘A’’ (B)
generates sufficient EL that readout plane ‘‘B’’ (A) can record
enough light to make a precise energy measurement. Planes A and
B have perfectly symmetric, reversible roles. The arriving
electrons generate EL in the ELzone opposite the proximate
photomultipliers. This is beneficial, as none of the EL light will
be obscured from the view of the opposite plane. As the
generation of light is isotropic and the HV plane has high
transparency, the distribution of light to all the photodetectors
in B is quite uniform, with a soft, cosine-like dependence on radial
position of the light production. Highly reflective field cages will
further soften even this moderate effect. As the dependence is
purely geometric, a calibration, once made, should be extremely
stable.

The primary advantage of this separated-function approach is
that no dilemma exists concerning a track/event boundary for the
energy measurement. Assuming that a reconstructed track lies
well within fiducial boundaries, including diffusion effects, no
event boundary is needed for energy measurement. Every signal
electron contributes to the total EL signal with equal statistical
weight. This separated-function idea with uniform electric field
may be a key to approach the optimum energy resolution. In
contrast, a cylindrical geometry with radial electric field exhibits
serious deficiencies, as addressed in Appendix 1.

PMTs naturally vary in quantum efficiency, and in gain.
Fortunately, it is not necessary for all PMTs to have identical a
priori quantum efficiency, nor does the primary calibration goal
require knowledge of absolute quantum efficiency. It is sufficient
to determine the relative quantum efficiencies x within the
ensemble of PMTs and the single photoelectron pulse height of
each PMT. The total energy Q is

Q ¼ So

X
ab

qab=sa xaðrbÞ (39)

So is an overall conversion constant, qab is the signal measured
in PMT ‘‘a’’ in time slice ‘‘b’’, sa is the average single photoelectron
signal for PMT ‘‘a’’, and xa(r) is the efficiency for PMT ‘‘a’’ to detect
a photon originating at radius r (at the opposite readout plane)
from the TPC axis of symmetry. Since the radius where EL photons

ARTICLE IN PRESS

Fig. 3. Separated-function concept, illustrating the possibility to detect EL light at
plane B originating from plane A, or vice-a-versa. The event, shown as a wiggly
track, generates primary scintillation recorded at both planes. Subsequently, EL
light generated at plane A is detected almost uniformly everywhere on plane B for
a precise energy measurement.
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a b s t r a c t

A high-pressure xenon gas TPC can provide both event topology information and optimized energy
resolution for the detection of bb decay in 136Xe. The result of optimization indicates that, at the 136Xe
Q-value of 2480 keV, an energy resolution of dE/Eo5!10"3 FWHM may be realizable, even at the
1000 kg scale. Signal detection by electroluminescence appears essential to realize this performance.
A specific method for generation and detection of the electroluminescent signal and particle tracking in
high-pressure xenon gas is advanced. Strengths and weaknesses of high-pressure xenon gas TPC
detectors are evaluated and compared to detectors based on liquid xenon.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

The unambiguous detection of a single example of the 0-n bb-
decay mode in any candidate nucleus would establish a Majorana
nature for the neutrino and demonstrate non-conservation of
lepton number. The experimental situation remains controversial
[1]. The motivation for ongoing searches for this decay mode has
been strengthened by neutrino oscillation results that have
established a non-zero neutrino mass, satisfying an essential
condition for this decay process. The quest for 0-n bb decay has a
natural sensitivity goal /mbbS E50 meV, where /mbbS is the
effective neutrino mass in this decay. Aside from the central
question whether the decay mode even exists, major uncertainties
exist in the estimation of decay rate due to nuclear physics.
Several hundred kg of active target mass, or perhaps even more
than 1000 kg, may be necessary to approach the needed
sensitivity. The current projects, EXO200 [2], with 200 kg of xenon
enriched in 136Xe, CUORE [3], with several hundred kg of
tellurium, and GERDA [4], with several tens of kg of 76Ge, will
set the pace for this generation of 0-n bb experiments. Because of
uncertainties and the importance of a positive result, detection in
several candidate isotopes is essential.

Looking forward, this paper explores the performance potential
of a high-pressure xenon gas (HPXe) TPC, with some comparisons
to liquid xenon (LXe). HPXe density is defined here to include the
range 0.025oro0.1 g/cm3, approximately 5oro20 bars at
normal temperature. The density r ¼ 0.1 g/cm3 has been chosen
for study here, as this density appears to be closer to an optimum
balance of parameters. Signal generation, detection, and proces-
sing are addressed in detail, as well as event placement in space

and dynamic range. The visible primary signals, ionization, and
scintillation under the proposed operating conditions are exam-
ined. A specific TPC design with approximately 600 kg active mass
is presented to illustrate the feasibility and challenges.

The 50 meV sensitivity goal corresponds to such low decay
rates that extremely stringent background rejection requirements
must be imposed to avoid contamination of the energy region of
interest at the Q-value of the nuclear transition. As a first defense
against backgrounds, sophisticated avenues of radioactive con-
taminant mitigation are needed. For very large LXe detectors, self-
shielding against MeV g-rays is effective against external back-
grounds, but this protection is obtained only with a very
substantial sacrifice of fiducial volume. In HPXe, useful back-
ground rejection for 0-n bb decay is possible through event
topology tests. Tagging of the barium daughter is a very attractive,
but currently unrealized, tool for discrimination of signal and
backgrounds. The issues of background rejection – and conse-
quent radio-purity requirements, etc. – are both complex and
central for success, but are beyond the scope of this paper.

Both direct WIMP and 0-n bb searches are of potentially
enormous scientific value, and are also costly, lengthy, and high
risk due to various large uncertainties [1,5]. With similar masses
of xenon in EXO200, Xenon100 [6], and XMASS [7], it is natural to
consider whether both types of searches could be made sensibly
with a single system [8]. The most obvious difference in these
searches is the energy scale of interest. The recent positive result
announced by the DAMA–LIBRA collaboration of an annual
modulation signal is attributed to WIMPs [9], but the modulation
signal appears only for energy transfers of less than 4 keVee.1
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2010/2011: DEMO (IFIC) and DBDM EL prototypes (LBNL) built and commissioned 

!

DEMO @ IFIC made possible thanks 
to the crucial contribution of J. White 

and C. Sofka. Spanish groups 
benefited enormously from USA 

groups know-how. 



2012: Technical Design Report adopts the ANGEL design proposed by J. White (TAMU) 

NEXT-100 concept and design: LBNL, TAMU, IFIC
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Figure 2. The NEXT-100 detector.

tracking and calorimetry; this is the so-called SOFT concept, illustrated in figure 1. The detection
process is as follows: particles interacting in the HPXe transfer their energy to the medium through
ionization and excitation. The excitation energy is manifested in the prompt emission of VUV
(⇠ 178 nm) scintillation light. The ionization tracks (positive ions and free electrons) left behind
by the particle are prevented from recombination by an electric field (0.3–0.5 kV/cm). Negative
charge carriers drift toward the TPC anode, entering a region, defined by two highly-transparent
meshes, with an even more intense electric field (2–3 kV/cm/bar). There, further VUV photons
are generated isotropically by electroluminescence. Therefore, both scintillation and ionization
produce an optical signal, to be detected with a sparse plane of PMTs (the energy plane) located
behind the cathode. The detection of the primary scintillation light constitutes the start-of-event,
whereas the detection of EL light provides an energy measurement. Electroluminescent light pro-
vides tracking as well, since it is detected also a few millimeters away from production at the anode
plane, via an array, of 1-mm2 SiPMs positioned at a pitch of 1 cm. This is called the tracking plane.

Figure 2 shows a sketch of the NEXT-100 detector, indicating all the major subsystems. These
are:

• The pressure vessel, built in stainless steel and able to hold 15 bar of xenon. A copper layer
shields the sensitive volume from the radiation originated in the vessel material.

• The field cage, electrode grids, HV penetrators and light tube.

• The tracking plane made of MPPCs arranged into dice boards (DB). The front-end electron-
ics is outside the gas.

– 3 –



2013: Papers from DEMO and DBDM showing excellent energy resolution and topology 

• V.~Alvarez et al.  [NEXT Collaboration],	

  ``Initial results of NEXT-DEMO, a large-scale 

prototype of the NEXT-100 experiment,''	

arXiv:1211.4838 [physics.ins-det].	


• V.~Alvarez, et al.  [NEXT Collaboration],	

  “Near-Intrinsic Energy Resolution for 30 to 

662 keV Gamma Rays in a High Pressure Xenon 
Electroluminescent TPC,'' arXiv:1211.4474 

[physics.ins-det].	


light output similar to the 662 keV full energy events, a point spread function
of about 6 mm radius is measured. Therefore cutting harder on the radial
position of events does not reduce render an improved fiducialization of te
events.

Fig. 3 shows a high statistics spectrum with a full energy peak, a Comp-
ton continuum and edge, a backscattering peak and a xenon x-rays peak and
escape peak.
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Figure 3: Measured energy spectrum for 662 keV gammas: This spectrum was
taken at a 15.5 atm pressure with E/P of 1.95 kV/(cm atm) in teh EL region and 775
V/cm in the drift region.

In addition, we have obtained 4.7% FWHM for 59.4 keV gamma rays
from 241Am at 10 Atm (see Fig. 5 and 6).

The hot getter was added to the system to better control the TPC per-
formance by eliminating the residual N2 from the gas which a↵ects the drift
velocity and could potentially also have an electron attachment e↵ect. How-
ever, the removal of N2 had the unintended consequence of reducing the light
yield in the chamber (the number of SPEs detected per ionization electron).
A light yield reduction of about 60% was observed for similar TPC fields and
pressure. The light yield reduction has been compensated by a subtantial
increase in the maximum E/P we were able to achieve by gradual chamber

3

0.5% FWHM AT QBB

0.75 % FWHM AT QBB

DBDM

DEMO
Figure 13. Examples of 22Na (top left), 137Cs (top right) and muon (bottom) track xy plane projections.
Tracks reconstructed from NEXT-DEMO data.

a large fiducial volume. The most important factors affecting the energy resolution of the NEXT-
DEMO detector are geometrical inhomogeneities in response and any time variation of the detector
gain, both in terms of EL yield and sensor calibration [6].

6.1 Charge time dependence

As described in section 4 the calibration constants of the photodetectors were constantly monitored
over the course of data taking so that any variation could be taken into account. Additionally, the
temperature and pressure in the TPC have been monitored allowing for the study of the correlation
between these physical factors and the detector response. A correlation between the measured
pressure and charge is observed in the data as can be seen in figure 14-left panel. The temperature
of the vessel has a significantly smaller effect on the PMT charge. Both temperature and pressure
oscillate at the level of ⇠0.2% every 10 minutes due to the cycle of the hot getter which purifies
the gas and by up to 3% due to air conditioning and activity in the laboratory over a timescale of
24 hours. Other possible sources of time dependent variation are the occurrence of sparks in the
TPC and variation of the gas purity. The increased light yield due to the TPB-coated tracking plane
(see section 3) enabled the use of lower EL fields compared to previous analyses, and improved gas

– 14 –



2014: AdG from ERC granted to JJGC: Launching Next-White (NEW) detector 
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Valenciahasidoalolargodeesta
semanala capitalmundialdelpro-
yecto NEXT, quizás el experimen-
to más ambiciosos que se va a rea-
lizar en España en física de neutri-
nos. El Instituto de Física Corpus-
cular (IFIC), un centro mixto del
Consejo Superior de Investigacio-
nes Científicas (CSIC) y la Univer-
sitat de València, ha acogido una
reunión de  científicos de Espa-
ña,EE UU,Francia,Rusia,Portugal
y Colombia para ultimar el diseño
de este detector diseñado para ob-
servarsielneutrinoessupropiaan-
tipartícula. Se trata de un detector
con un tanque de titanio de un m

quecontienekilosdegasxenón
a presión y una Cámara de Proyec-
ción Temporal (TPC) que comen-
zará a operar enen el Labora-
torio Subterráneo de Canfranc,
bajo.metrosderoca.Entrelos
científicosdetallamundialqueco-
laboran en este experimento lide-
rado por el director del Grupo de
Neutrinos del IFIC, Juan José Gó-
mez Cadenas, destaca Dave
Nygren, el «padre» de las TPC y di-
rector del Departamento de Física
del Laboratorio Nacional Lawren-
ce de Berkeley de EE UU , una ins-
tituciónquecuentaconpremios
Nobel de Física. Levante-EMV ha
entrevistado a Nygren durante su
estancia en Valencia.

¿LeilusionaelproyectoNEXT?
Es un experimento en la fronte-

ra de la ciencia único en el mundo,
donde vamos a explorar algunas
cuestiones claves en física funda-
mental que nos permitirán cono-
cer mejor la naturaleza y el funcio-
namiento del Universo.

¿Servirá para determinar si el
neutrino es su antipartícula?

Eso solo se podrá saber hacien-
do el experimento. Sin embargo,

estamos bastante convencidos,
graciasabuenosypoderososargu-
mentos teóricos, que sería posible
alcanzar este objetivo.

Si NEXT tiene éxito y observa
esta rara cualidad, ¿eso ería sufi-
ciente para dilucidar uno de los
grandes misterios del Universo
comoeslaprimacíadelamateria
sobre la antimateria?

Eso sería una pista muy impor-
tante de que estamos en el camino
correcto, pero no sería suficiente.
La asimetría entre materia a anti-
materia, que explica por qué todo
lo que nos rodea es materia, posi-
blementesedebaavariosfenóme-
nos y uno de ellos sean los miste-
riosos neutrinos, cuya insignifi-
cante masa podría ser un indicio
sobre el origen de dicha asimetría

Usted inventó hace más de 
añoslasTPC,lasCámarasdePro-
yección Temporales, uno de los
detectores de partículas más uti-

lizadosahoraenlosgrandesace-
leradores. ¿Cómo vive la evolu-
ción de esta tecnología que creó?

Nuncaimaginequepodríatener
tantas consecuencias y aplicacio-
nes en campos tan diferentes de la
ciencia.Sientolomismoqueunpa-
dreounamadre,asombradosdelo
mucho que ha crecido su hijo y las
cosas que sabe hacer.

¿Cómo funcionan?
Es como una cámara en tres di-

mensiones que toma imágenes de
cómo actuan las partículas ele-
mentales. Cuando la inventé trata-
ba de grabar eventos muy comple-
joscondocenasdepartículasinter-
actuando,peroactualmentelatec-
nología de TPC puede tomar foto-
grafías tridimensionales de .
partículas. Además de darnos una
fotografía electrónica en tres di-
mensiones de las trayectorias y los
movimientos de las partículas, a
menudo también es capaz de de-

cirnosquetipodepartículaspasan
por el detector y qué están hacien-
do. Precisamente, por esta capaci-
dad tan grande que tiene de gene-
rar imágenes, la TPC ha encontra-
doaplicacionesencamposmuydi-
versos y hoy en día tenemos TPC
que ven muy poquitos sucesos
muy raros, como NEXT, o que ven
.partículasenunasolainter-
accióncomoeselcasodeldetector
Alice,enelCERN,oinclusoenapli-
caciones en física médica.

ProyectoscomoNEXT¿enque
lugar sitúan a la física española?

Desde mi perspectiva, el experi-
mento NEXT ha catapultado a los
físicosespañoleshaciaunpapeles-
telar de la investigación interna-
cional, porque la cuestión de cuál
eslanaturalezadelneutrinoesalgo
que nunca se había experimenta-
do directamente. Ahora, con este
detector se puede investigar una
cualidad que es única, puesto que

no se da en el resto de partículas.
Con lo que este experimento abor-
daunodelamediadocenadeinte-
rrogantesmásimportantesdelafí-
sica actual.

¿Qué opina sobre el hallazgo
de neutrinos más rápidos que la
velocidad de la luz que han pues-
to en tela de juicio la Teoría de la
Relatividad de Einstein?

Miexplicación,apartirdehaber
estudiado los artículos científicos
publicados sobre estos neutrinos
superlumínicos, es que probable-
mente se trate de un error instru-
mental, y,seguramente, los neutri-
nos, como cualquier otra partícu-
la, respeten las leyes de Einstein

Estamos en la época de los
grandes aceleradores, como el
LHC, o el futuro International Li-
near Collider (ILC). ¿Cree que el
Modelo Estándar, la teoría que
describe las partículas funda-
mentalesysusinteracciones,po-
drá resistir los descubrimientos
de las máquinas más potentes
que se han construido jamás?

Los grandes aceleradores, en mi
opinión, nos estan enseñando que
quizás el Modelo Estándar no esté
completo. Por tanto, probable-
mentenosvanamostrarcosasque
no nos esperamos del Modelo Es-
tándar. Cuando miramos hacía
atrásestasgrandesmáquinassiem-
pre nos han dado sorpresas, pues-
to que cada vez que se explora una
nuevaregióndeenergíasiemprese
descubre algo. Para mi son como
unaespeciedeenormesmicrosco-
pios apuntando hacia el futuro.

El LHC aspira a encontrar el
bosón de Higgs, la pieza que fal-
ta por descubrir en el Modelo Es-
tándar y que explicaría por qué
laspartículas tienenmasa.Losfí-
sicossedividenentrelosquecon-
fían que el LHC de con el Higgs y
los que desean que no lo haga
para elaborarnuevasteorías.¿En
que lado de la trinchera ésta?

Yo prefiero pensar que el Higgs
no se va a mostrar tal y como espe-
ramos desdelaperspectivadelMo-
delo Estándar, pues la Naturaleza
está siendo mucho más ingeniosa
quelateoría.AlbertEinsteinyade-
cía que el Universo no solo es más
extraño de lo que pensamos, sino
queesmásextrañodeloquesomos
capaces de imaginar. Haceaños
descubrimos en Berkeley, y tam-
bién en otros laboratorios, que el
Universo no solo se está expan-
diendosinoquelohacedeunafor-
ma acelerada. Nadie hasta enton-
ceshabíaimaginadoalgoasí,porlo
que creo que aún quedan muchas
sorpresas por llegar.
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RAFEL MONTANER VALENCIA

Dave Nygren

Nygren junto a Gómez Cadenas y un prototipo a escala 1:10 del detector NEXT en el IFIC. FERRAN MONTENEGRO

«NEXTcatapultaalosfísicosespañolesa
unpapelestelarenelestudiodelneutrino»

Director del Departamento de Física del Laboratorio Nacional Lawrence Berkeley de EE UU. Dave Nygren es
uno de los grandes expertos en física de partículas. Dirige el Departamento de Física del Laboratorio Nacional
Lawrence de Berkeley, uno de los centros de ciencia más poderosos del planeta al contar con 13 premios Nobel, y
es el inventor de las Cámaras de Proyección Temporales (TPC), uno de los dectectores de partículas más usados.
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Nygren participa en Valencia en el diseño de un experimento para comprobar si el neutrino es su antipartícula!


